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We report neutron inelastic scattering experiments on single crystal PbMg1/3Nb2/3O3 doped
with 32% PbTiO3, a relaxor ferroelectric that lies close to the morphotropic phase boundary. When
cooled under an electric field E ‖ [001] into tetragonal and monoclinic phases, the scattering cross
section from transverse acoustic (TA) phonons polarized parallel to E weakens and shifts to higher
energy relative to that under zero-field-cooled conditions. Likewise, the scattering cross section from
transverse optic (TO) phonons polarized parallel to E weakens for energy transfers 4 ≤ h¯ω ≤ 9 meV.
However, TA and TO phonons polarized perpendicular to E show no change. This anisotropic field
response is similar to that of the diffuse scattering cross section, which, as previously reported, is
suppressed when polarized parallel to E, but not when polarized perpendicular to E. Our findings
suggest that the lattice dynamics and dynamic short-range polar correlations that give rise to the
diffuse scattering are coupled.
I. INTRODUCTION
Relaxor ferroelectrics have great potential for applica-
tions due to their piezoelectric and dielectric properties
[1–3], but there is much that is not understood about
how their properties arise on a microscopic level [4]. The
composition of many relaxors is related to simple per-
ovskites with the ABO3 formula, but with one cation
site randomly filled with two or more cations of different
valences, resulting in strong, disordered electric fields.
For the relaxor PbMg1/3Nb2/3O3 (PMN), the B
4+ site
is occupied by Mg2+ and Nb5+. The variation in va-
lence can be reduced by doping with an ion of interme-
diate valence, e.g., Ti4+ in the case of PMN doped with
x% PbTiO3 (PMN-x%PT). The resulting PMN-x%PT
phase diagram shows four basic regions [5–7]: a cubic
paraelectric phase at high temperature for all x; a re-
gion with relaxor behavior for low x with either cubic or
rhombohedral symmetry; a tetragonal, conventional fer-
roelectric region for high x; and a morphotropic phase
boundary (MPB) region between the relaxor and tetrag-
onal regions. The piezoelectric coefficients d33 are very
large in the MPB region and abruptly drop for higher
x [1, 8–10]; understanding this behavior and exploiting
the large piezoelectricity provide much of the motivation
for exploring relaxor ferroelectrics. These PMN-x%PT
solid solutions with small x exhibit clear relaxor behav-
ior characterized by large dielectric constants which have
a broad maximum with respect to temperature and are
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highly frequency-dispersive within this range. These re-
laxor behaviors are widely believed to be associated with
polar nano-regions (PNR) or other short-range polar or-
der, as shown by numerous x-ray and neutron diffuse
scattering studies [11–23].
We have previously characterized two distinct compo-
nents of the diffuse scattering in PMN-x%PT, which we
label T1 and T2 [24] as shown in Fig. 1(a). These la-
bels are intended to refer to the related phonons where a
T1 mode is a transversely polarized phonon propagat-
ing along 〈100〉 and a T2 mode is a transversely po-
larized phonon propagating along 〈110〉. For example,
near (100), a TA1 phonon mode would refer to the trans-
verse acoustic phonon mode propagating along the [010]
or [001] directions with polarization along [100], while
near (110), a TA2 phonon mode would refer to the trans-
verse acoustic phonon mode propagating along [11¯0] with
[110] polarization. The two diffuse scattering components
can be distinguished by their anisotropic response when
field-cooled (FC), i.e. after applying electric field above
the ferroelectric transition temperature Tc and then cool-
ing below Tc. With a field applied along [111], a redis-
tribution of T2-diffuse scattering intensity between two
differently-oriented components polarized along [110] and
[11¯0] has been observed in the structurally similar per-
ovskite PbZn1/3Nb2/3O3 doped with x% PbTiO3 (PZN-
x%PT) [25–27] and in PMN [28]. This situation has been
interpreted in terms of a domain effect, in which applying
a [111] field creates a single [111]-polarized ferroelectric
domain (as opposed to the eight possible 〈111〉-polarized
domains present in the zero-field cooled state) which fa-
vors certain orientations of polar nanoregions (PNR), re-
sulting in the redistribution of diffuse scattering intensi-
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2ties along certain 〈110〉 directions [27]. An electric field
along [001], on the other hand, does not seem to signifi-
cantly affect the T2-diffuse scattering in the H0L plane
[29].
Transverse acoustic phonons propagating along 〈110〉
(TA2-phonons) are expected to couple with T2-diffuse
scattering modes [30]. Evidence for this diffuse-TA2
phonon coupling has been shown with the help of an ex-
ternal [111] electric field, which breaks the pseudo-cubic
symmetry and reveals a clear difference between TA2
phonons measured near (220) and (22¯0) [31]. T1-diffuse
scattering, on the other hand, does not show a redis-
tribution of scattering intensity under an external field.
Instead, a suppression of [001]-polarized T1-diffuse scat-
tering occurs under [001]-field cooling, while the [100]-
polarized T1-diffuse scattering remains unaffected, as has
been shown in PZN-x%PT [24, 32]. Coupling between
the T1-diffuse modes and the TA1 phonon modes has
not yet been thoroughly studied.
In this paper we report neutron scattering experiments
on PMN-32%PT with a field applied along [001]. When
cooled below Tc ≈ 430 K [29], in addition to the expected
suppression of T1-diffuse scattering measured near (001),
we also see a clear change in the intensities of the TA1
phonons near (001), whereas the TA1 phonons near (100)
are unaffected. These changes illustrate that there may
be a TA1-phonon/T1-diffuse mode coupling, evocative
of the TA2-phonon/T2-diffuse mode coupling previously
seen in PZN-4.5%PT [31]. This coupling appears to be
limited to large-wavelength phonons. In addition, we ob-
served a suppression of spectral weight for the transverse
optic phonons in the T1 direction (TO1 phonons) within
4 to 9 meV near (002), but no change was seen near (200).
The changes in the TA1 and TO1 phonons were present
at 400 K but much less pronounced at 200 K.
II. EXPERIMENTAL DETAILS
We purchased a PMN-32%PT single crystal from TRS
Ceramics with dimensions 10 × 10 × 2 mm3 and large
[001] faces. The (001) surfaces were coated with gold to
ensure a uniform equipotential surface during field ap-
plication. Another PMN-32%PT crystal from the same
source was measured to have a cubic-tetragonal transi-
tion at Tc ≈ 430 K and a tetragonal-monoclinic transition
near 355 K[29]. Neutron inelastic scattering experiments
were performed on the HYSPEC time-of-flight spectrom-
eter at the Spallation Neutron Source at Oak Ridge Na-
tional Laboratory [33]. The software package Mantid
was used in the processing of the data [34]. The inci-
dent energy Ei was set to 20 meV. The crystal symmetry
was pseudocubic with lattice parameter a = 4.00 A˚. All
neutron scattering momentum transfers Q are reported
in terms of reciprocal lattice units (r.l.u.), and energy
transfers h¯ω are reported in meV. Measurements were
performed in the H0L scattering plane. Fields of 0.5-
8.0 kV/cm were used. The T1-diffuse scattering at (001)
changed significantly with a field of 0.5 kV/cm, and had
almost no additional change with higher field, indicating
that 0.5 kV/cm was sufficient to alter the T1-polarized
short-range order. For pseudocolor plots, the data were
smoothed. Errorbars represent statistical error and cor-
respond to 1 standard deviation from the observed value.
III. DATA AND ANALYSIS
[H00]
[00L]
T1
(100) (200)
(001)
(002)
T2
(101)
200 250 300 350 400 450 500
T (K)
0
20
40
60
80
100
in
te
n
si
ty
 (
a
rb
. 
u
n
it
s)
(-0.125,0,1)
ZFC
FC
− 0.2 − 0.1 0.0 0.1 0.2
[1, 0, L]  (r.l.u.)
0
50
100
150
200
in
te
ns
it
y 
(a
rb
. u
ni
ts
)
ZFC
FC
(a) (b)
(c)
− 0.2 − 0.1 0.0 0.1 0.2
[H, 0, 1]  (r.l.u.)
0
50
100
150
200
in
te
ns
it
y 
(a
rb
. u
ni
ts
)
ZFC
FC
(d)
T = 200 K T = 200 K
FIG. 1. (Color online.) (a) Schematic diagram of the H0L
plane in reciprocal space. The blue and green arrows indi-
cate the T1 and T2 directions, respectively. (b) Tempera-
ture dependence of T1-diffuse neutron scattering, shown via
intensity at wavevector Q = (−0.125, 0, 1) and energy trans-
fer h¯ω = 0 meV plotted as a function of temperature. (c,d)
Field-dependence of diffuse scattering near (100) and (001),
shown from elastic neutron scattering intensity plotted along
[10L] and [H01] at 200 K for zero-field-cooled (ZFC) and field-
cooled (FC) conditions.
In Fig. 1(b), the temperature dependence of the
T1-diffuse scattering near (001) is shown with neu-
tron scattering intensity measured at wavevector Q =
(−0.125, 0, 1) for FC and zero-field-cooled (ZFC) con-
ditions. The intensity was integrated within 0.95 ≤
L ≤ 1.05 r.l.u., −0.1375 ≤ H ≤ −0.1125 r.l.u., and
−0.5 ≤ h¯ω ≤ 0.5 meV. For temperatures up through
400 K a clear suppression of intensity is seen with ap-
plied field, but this difference disappears above the ferro-
electric transition between 400 and 450 K. In Figures 1(c)
and 1(d) we show that the suppression of T1-diffuse scat-
tering under FC conditions is direction-dependent, be-
ing absent for [100]-polarized diffuse scattering measured
near (100) (Fig. 1(c)) but present for [001]-polarized dif-
fuse scattering near (001) (Fig. 1(d)). These data were
taken at 200 K as transverse scans across the Bragg
peaks, with integration ranges of ±0.5 meV for h¯ω, and
±0.05 r.l.u. for the H and L directions for Figures 1(c)
and 1(d), respectively. The direction dependence of
the suppression of T1-diffuse scattering under [001]-field
3cooling is consistent with previous reports on the related
PZN-x%PT system [24, 32].
FIG. 2. (Color online.) Pseudocolor plots of transverse
acoustic phonons near (100) (left) and (001) (right), for ZFC
(top) and FC (bottom) conditions. Neutron scattering in-
tensity (indicated by color, in arb. units) is plotted against
energy and momentum transfer. These data were taken at
400 K. White areas represent lack of data.
Fig. 2 shows the dispersions of the TA1 phonons near
(100) and (001) under FZ and ZFC conditions, in which
a change in intensity under field can be seen near (001)
but not (100). These are pseudocolor plots of inten-
sity vs. energy and momentum transfer in slices across
(100) and (001) at 400 K. The intensities were integrated
within ±0.05 r.l.u. along H for (10L) and L for (H01).
The TA1 phonons disperse out from the Bragg peaks and
have maxima around roughly 5-6 meV. The width of the
phonons with respect to energy is evident. The effect of
field can be seen more clearly in Fig. 3, which shows the
phonon intensities near (100) and (001) in a similar pseu-
docolor plot, but with h¯ω fixed at 2 meV and integrated
within ±0.5 meV. There is a clear decrease in intensity
with field near (001), but no clear change near (100).
For a clearer view of how the phonon dispersion is af-
fected by field, in Fig. 4 we show constant-Q scans at
(−q,0,1) and (1,0,q) for various q values, taken at 400 K.
The data were integrated over ±0.05 r.l.u. in both the H-
and L-directions. Each data set was fitted to the sum of
a Gaussian function for elastic scattering and Voigt func-
tions for the acoustic phonons at ±h¯ω. We can see that
there is little change near (100) for all q, but near (001) a
clear change is seen, with both a suppression of intensity
and an increase in energy transfer for q = 0.1 (and pos-
sibly also q = 0.2). These data suggest that the electric
field effect is strongest for low q. We note that we have
FIG. 3. (Color online.) Pseudocolor plots of transverse
acoustic phonons in the H0L plane near (100) (left) and (001)
(right), for ZFC (top) and FC (bottom) conditions, illustrat-
ing the suppression of phonon spectral weight with field near
(001) but not (100). Neutron scattering intensity (indicated
by color in arb. units) is plotted against energy and mo-
mentum transfer. These data were taken at 400 K, within
1.5 ≤ h¯ω < 2.5 meV. White areas represent a lack of data.
not seen a clear field effect on longitudinal acoustic (LA)
phonons measured along [100] near (100) and along [001]
near (001), or on TA2 phonons measured along [1¯01] near
(101), suggesting that the [001]-field primarily affects T1-
phonons. This situation is similar to how T1-diffuse scat-
tering intensities respond to [001] fields, with T1-diffuse
scattering suppressed near Bragg peaks with wavevector
G ‖ [001] but unaffected for G ‖ [100] [24, 32], and to
the lack of effect on the (H0L) zone T2-diffuse scattering
by a [001] field [29].
The transverse optic modes near (200) and (002) at 400
K are shown in Fig. 5. (Faint spectral weight from these
modes were also seen near (100) and (001) but were too
weak to clearly discern.) Each panel consists of a pseudo-
color plot of the scattering intensity, with energy transfer
plotted on the vertical axes, and momentum transfer in
the transverse direction across the Bragg peaks plotted
on the horizontal axes. The data were integrated within
± r.l.u. along H for (20L) and L for (H02). The disper-
sion exhibits the “waterfall effect” seen in other PMN-
x%PT and PZN-x%PT compositions [35–42], where the
TO1 phonon softens, approaches the TA1 mode energies,
and becomes highly damped at small q. Unfortunately,
this effect made it difficult to measure the TA1 modes
at small q near (200) or (002), and we could not discern
changes with field.
Some suppression of spectral weight under FC condi-
tions can be seen in Fig. 6, which shows pseudocolor plots
of constant-energy slices at h¯ω = 6 meV and 400 K, with
intensities integrated within ±0.5 meV. Specifically, a
slight decrease can be seen near (002) with field-cooling,
4FIG. 4. (Color online.) Constant-Q cuts of transverse acous-
tic phonon lineshapes, with neutron scattering intensity plot-
ted against energy transfer h¯ω. Temperatures at which data
were taken are displayed at the top of each column of sub-
plots. ZFC data represented by black circles, and FC data
represented by red triangles; the plotted lines are fits through
the data as described in the text.
but no change is clear near (200). For a clearer view of
the spectral weight suppression, Fig. 7 shows constant-
energy cuts made along the transverse directions across
the (200) and (002) Bragg peaks. In each panel, scat-
tering intensity is plotted against momentum transfer
for data taken under ZFC and FC conditions. Intensity
was integrated within ±0.5 meV for energy transfer and
±0.1 r.l.u. for momentum transfer in the H or L direction
transverse to the direction of the scan. We see that there
is a consistent suppression of spectral weight near (002)
but not near (200). This suppression can be seen from 4
to 9 meV; we note that the difference disappears outside
of this range. As for TO1 phonon energy, it is difficult
to observe changes in the TO1 dispersions due to their
steepness and to the phonons becoming highly damped
at small q. For comparison, we note that in conventional
ferroelectrics there have been examples of optic modes
being affected by field [43, 44], and the effect is only pre-
dicted to be large for soft modes close to zero energy in
the vicinity of a structural phase transition [45].
FIG. 5. (Color online.) Pseudocolor plots illustrating the
transverse optic modes near (200) (right) and (002) (left) for
ZFC (top) and FC (bottom) conditions, with neutron scatter-
ing intensity plotted as color (in arb. units) as a function of
energy and momentum transfer. White areas represent lack
of data.
To illustrate the effect of temperature, in Fig. 8 we
show representive data of the TA1 and TO1 modes at
200 K to contrast with the 400 K data in Figures 4 and
7, respectively. In Fig. 8(a), we show a constant-Q scan
showing the TA1 mode at (−0.1, 0, 1), with intensity vs.
h¯ω plotted, and intensity integrated within ±0.05 r.l.u. in
the H and L directions. In Fig. 8(b), we show a constant-
h¯ω scan showing the TO1 mode, integrated within 7.5 ≤
h¯ω ≤ 8.5 meV and 1.9 ≤ L ≤ 2.1 r.l.u. In both plots,
we see a similar suppression of intensity near (001) and
(002). We also saw a similar lack of change near (200)
(not plotted), but near (100) a spurious feature prevented
us from determining if there was a change in TA1 phonon
spectral weight. From these data, we can see that the
field effect at 200 K seems to be less pronounced than
that at 400 K, at least for the acoustic phonon mode.
IV. DISCUSSION
The electric field effects observed in our measurements
can be summarized as (i) there is no [001] field effect on
the longitudinal acoustic (LA) modes, or on the trans-
verse acoustic modes propagating along the 〈110〉 (TA2)
directions; (ii) for TA1 phonons polarized along 〈001〉, we
observed, after field-cooling, a reduction of intensity and
increase of phonon energy near Bragg peak wavevectors
G ‖ [001], but no field effect was observed for TA1 modes
nearG ‖ [100]. For diffuse scattering, a similar pattern in
5FIG. 6. (Color online.) H0L slices at 400 K and 5.5 ≤ h¯ω ≤
6.5 meV, focusing on the TO phonons near (200) and (002).
These are pseudocolor plots, with intensity plotted as color
(in arb. units), and momentum transfer along (2, 0, L) and
(H, 0, 2) delimited on the axes. White areas represent lack of
data.
response to field-cooling along [001] has been seen, with
intensity suppression for G ‖ [001], but not for G ‖ [100]
[24, 32]. A much smaller effect on low energy TO modes
is also observed following the same rule, i.e. a reduction
of intensity near the bottom of the TO mode measured
for G ‖ [001], but no effect for G ‖ [100]. These results
imply that a coupling exists between the diffuse scatter-
ing along 〈001〉 (the T1-diffuse) and the TA1 and/or TO1
phonon modes along the same directions.
Previous work has shown a strong coupling between
the diffuse scattering along the 〈110〉 directions (the T2-
diffuse) and the TA2 phonon modes in these lead-based
relaxor materials [31]. The diffuse-phonon coupling along
the 〈001〉 (T1) and 〈110〉 (T2) directions share some com-
mon features. For example, when the diffuse scattering is
suppressed by the external field, we always see a harden-
ing of the corresponding TA phonon mode. Evidentally,
interaction between the PNR and the phonons tends to
drive the phonons softer, for both the T1 and T2 modes.
This tendency suggests that short-range polar orders are
likely related to lattice instabilities in these relaxor com-
pounds.
On the other hand, the T1 and T2 modes differ in
many aspects too:
(i) For the case of the T2 modes, the field effect on
the PNR (and thus on the T2-diffuse scattering) is indi-
rect. An external field along [111] helps establish a single
domain ferroelectric phase with [111] polarization. The
change in the population of each domain induces a redis-
tribution of PNR with different polarizations, resulting
in the redistribution of T2-diffuse scattering intensities in
reciprocal space. For example, under a [111] field there
is an enhancement of the T2-diffuse scattering near the
FIG. 7. (Color online.) Constant-energy cuts across the
transverse optic modes along (20L) (right) and (H02) (left)
for h¯ω = 4, 6, 8, and 9 meV, integrated over 1.9 ≤ H ≤ 2.1
for (20L) and 1.9 ≤ L ≤ 2.1 for (H02), and within an energy
range of ±0.5 meV. For each subplot, neutron scattering in-
tensity is plotted against momentum transfer. All data were
taken at 400 K.
(220) Bragg peak, but a reduction of the T2-diffuse scat-
tering near the (2¯20) Bragg peak. The TA2 phonon near
(220) softens, while the phonon near (2¯20) hardens. On
the other hand, in zero field, all 〈111〉 domains are present
to an equal degree. Measurements in zero field of the TA2
phonons near (220) or (2¯20) average over both hardened
and softened phonons, and the role of the [111] field is
merely to obtain results for a single domain.
However, the [001] field effects on the T1-diffuse scat-
tering and T1-phonons are not domain related. This can
be demonstrated by comparing the ZFC and FC results.
Under FC conditions, one only sees changes (relative to
the ZFC results) for G ‖ [001], but no change for G ‖
[100]. If these changes were due to domain effects, one
would have expected the ZFC results to lie in between
(in intensity, energy, etc.) the FC results measured for
6FIG. 8. (Color online.) Neutron scattering scans at 200
K showing less change between ZFC and FC conditions near
(001) and (002) than in the 400 K data in Figures 4 and 7. (a)
Constant-Q scan at (−0.1, 0, 1), with intensity plotted against
energy transfer. (b) Constant-h¯ω scan at h¯ω = 8 meV, with
intensity plotted against momentum transfer.
G ‖ [100] and [001]. This is not the case. Therefore, the
effect of the [001] field is more intrinsic, with the field
directly affecting the short-range order and consequently
the related phonon modes.
(ii) While there is no evidence of diffuse-TO coupling
for the T2 modes [31], in our sample there appears to be
a weak diffuse-TO coupling for G ‖ 〈001〉 (TO1 modes).
(iii) The diffuse-phonon coupling for the T2 modes
is strong throughout the entire Brillouin zone, but the
coupling for the T1 modes is only present for a small
range of q values (∼0.1 to 0.2 r.l.u.) away from G. This
anisotropy of the diffuse-TA coupling revealed by our
electric field measurements is also consistent with pre-
vious reports [46].
In order to understand these results, we consider the
origin of the diffuse scattering and short-range orders in
relaxors. The local random electric field generated by the
B-site cations are believed to play important roles in Pb-
based relaxor systems [47–52]. A direct link between the
diffuse scattering in these relaxors and the random field
has been demonstrated by comparing two isostructures
with and without random B-site valences [53]. The ran-
dom field in the system prevents long-range order from
developing and induces short-range orders that also grow
with cooling. The diffuse scattering intensities from these
short-range orders are not entirely static, and have a
strong dynamic component [24, 54, 55]. The existence
of these dynamic/quasi-elastic components has been ex-
plained by theoretical work [56, 57], and is essential for
the coupling between the diffuse scattering and phonons.
Indeed one can see that in our work, the coupling between
the T1-diffuse scattering and the TA1 phonon is weaker
at 200 K than 400 K, where the dynamic component has
also been shown to decrease with cooling [54, 55] below
TC . The weak coupling to the TO1 mode, can be un-
derstood based on knowing that the short-range orders
consist of a combination of acoustic (strain) and optic
(polar) types of atomic shifts [24, 26]. The polar com-
ponent of the short-range order can couple to the TO
mode. The coupling will likely diminish quickly when
the TO phonon energy increases and moves further away
from the quasi-elastic component of the diffuse scatter-
ing, as is the case in our measurements.
The anisotropy of the diffuse-phonon coupling between
the T1 and T2 directions is more intriguing. The T2-
diffuse is significantly stronger than the T1-diffuse, ex-
tends to a larger q-range in reciprocal space, and interacts
with TA phonons along almost the entire branch. Over-
all, we could consider a picture where PNRs are actually
the “core” of the short-range correlations in the system,
and contribute to the broader T2-diffuse; while the po-
lar/strain field surrounding the core can extend to much
larger range and contribute to the narrower T1-diffuse.
The atomic shifts in the PNRs would be significantly
larger than those in the surrounding region, leading to a
much stronger T2-diffuse scattering than the weaker T1-
diffuse. The core of the short-range order, i.e. the PNRs,
results from the local strong random field and cannot be
directly suppressed by an external field [26, 27, 31]. How-
ever, the weaker polar/strain field around the core is less
robust and can be partially modified by external field,
showing the intrinsic field effect on the T1-diffuse and
its coupling to TA1 and TO1 phonon modes discussed in
this paper.
An analog to this situation has recently been consid-
ered [58, 59] where strong but dilute random fields are in-
serted into a system with a weak continous random field.
Theoretical work involving a magnetic system with a ran-
dom field [59] suggested that a large correlation length
or even a weak long-range order could be achieved. If we
map the PNRs to the strong random field in the mag-
netic system, the large spin correlation length proposed
by the theoretical work can be related to the weak po-
lar/strain field surrounding the PNRs which gives the
T1-diffuse. Although not an exact analog, this picture
does provide a crude description of the origin of the two
types of diffuse scattering. For a better understanding
of the source of these diffuse scattering components and
their coupling to lattice dynamics, more detailed experi-
mental work is required. Though numerous models have
been proposed by various groups trying to describe the
diffuse scattering and short-range orders in these relaxor
systems [15, 22, 60–66], our results simply suggest that
there is a clear anisotropy for diffuse scattering, their field
dependence, and their coupling to the related phonon
modes measured along 〈100〉 and 〈101〉 directions, and
do not favor any particular model.
We can compare elastic constants derived from the
TA1 and TA2 phonon energies in our data with val-
ues reported for similar materials to get insight into the
tendency for lattice instability in the T1 and T2 direc-
tions. Our values and those for related compounds in
the literature are displayed in Table I. From our data, we
obtained the elastic constant quantities C44 = 0.56(5)
and (C11 − C12)/2 = 0.23(4) in units of 1011 N/m2
based on the TA1 and TA2 phonons measured near (001)
and (101) at T = 400 K. The value of C44 is slightly
larger than in PMN but smaller than in PbTiO3 [46].
7TABLE I. C44 and (C11 −C12)/2 elastic constant data from
neutron scattering experiments in units of 1011N/m2. PMN-
32%PT values calculated from data taken at 400 K; all other
values calculated from data at 300 K.
Material C44 (C11 − C12)/2
PMN [46] 0.53(3) 0.48(6)
PMN-32%PT 0.56(5) 0.23(4)
PZN-4.5%PT [31] 0.26(4)
PbTiO3 [67] 0.72(2) 0.63(1)
(C11 − C12)/2 = 0.23(4) shows a bigger change, being
significantly reduced from its value in PMN, suggest-
ing an increased lattice instability when the system ap-
proaches the morphotropic phase boundary. In fact, a
similar value of (C11−C12)/2 = 0.26(4) can be obtained
from phonon data on PZN-4.5%PT [31].
The diffuse-phonon coupling discussed in this paper
can also affect how one determines the elastic constants.
We calculated the phonon velocities from our FC data
rather than our ZFC data since we believe the FC ve-
locities more closely resemble the velocities expected for
q → 0. First, the diffuse-phonon coupling is expected to
diminish as q → 0 [68]. Second, since the diffuse-phonon
coupling tends to reduce the phonon energy (as discussed
in this paper and Refs. [31, 46]), at non-zero q the elastic
constants should be calculated from data taken after this
coupling effect is removed, such as after diffuse scatter-
ing is suppressed by field. For ZFC conditions, the value
for C44 can be about 15% smaller than in FC conditions.
This difference is in fact an artifact of calculating the
phonon velocity using (reduced) phonon energies at non-
zero q (we used data taken at q = 0.1 and q = 0.1 ×√2
r.l.u. for the calculation in the T1 and T2 directions, re-
spectively). If one could obtain the phonon velocity us-
ing smaller q values near q = 0 where the diffuse-phonon
coupling diminishes, the difference between ZFC and FC
data should become negligible.
V. CONCLUSIONS
We have observed, when comparing field-cooling and
zero-field-cooling conditions for different Brillouin zones
with a field along [001], a change in the lattice dynam-
ics of PMN-32%PT that correlates with changes in dif-
fuse scattering. Specifically, under field cooling we see
a reduction of intensity and an increase of phonon en-
ergy for the TA1 mode measured near (001) and propa-
gating along [100] (〈001〉-polarized), but no change for
TA1 phonons near (100) and propagating along [001]
(〈100〉-polarized). This field effect is only clearly seen
for wavevectors around 0.1 to 0.2 r.l.u. away from the
Bragg peak. Meanwhile, the T1-diffuse scattering near
(001) is suppressed under field-cooling, but is unaffected
near (100). A similar effect is seen for the TO1 mode,
which is slightly suppressed near (002) from 4 to 9 meV,
but unaffected near (200). No clear field effect has been
seen for the longitudinal modes near (001) or (100), or
for the TA2 mode near (101). The similarities in the ef-
fect of field on the T1-diffuse scattering near (001) and
(100), the TA1 phonons near (001) and (100), and the
TO1 phonons near (002) and (200) suggest the presence
of diffuse-TA and diffuse-TO mode coupling which re-
sembles the mode coupling observed in the T2 directions
in related relaxor materials.
ACKNOWLEDGEMENTS
This research at Oak Ridge National Laboratory’s
Spallation Neutron Source was sponsored by the Scien-
tific User Facilities Division, Office of Basic Energy Sci-
ences, U.S. Department of Energy. J.A.S. and G.Y.X.
acknowledge support by Office of Basic Energy Sci-
ences, U.S. Department of Energy under contract No.
de-sc00112704. Z.J.X. and R.J.B. are also supported by
the Office of Basic Energy Sciences, U.S. Department
of Energy through Contract No. DE-AC02-05CH11231.
C.S. acknowledges the support of the Carnegie Trust for
the Universities of Scotland and the Royal Society. The
identification of any commercial product or trade name
does not imply endorsement or recommendation by the
National Institute of Standards and Technology.
[1] S.-E. Park and T. R. Shrout, J. Appl. Phys. 82, 1804
(1997).
[2] K. Uchino, Piezoelectric Actuators and Ultrasonic Motors
(Springer Science & Business Media, 1996).
[3] R. F. Service, Science 275, 1878 (1997).
[4] G. Xu, J. Phys. Soc. Jpn. 79, 011011 (2010).
[5] J.-M. Kiat, Y. Uesu, B. Dkhil, M. Matsuda, C. Malibert,
and G. Calvarin, Phys. Rev. B 65, 064106 (2002).
[6] D. E. Cox, B. Noheda, G. Shirane, Y. Uesu, K. Fujishiro,
and Y. Yamada, Appl. Phys. Lett. 79, 400 (2001).
[7] B. Noheda, D. E. Cox, G. Shirane, J. Gao, and Z.-G.
Ye, Phys. Rev. B 66, 054104 (2002).
[8] Y. Guo, H. Luo, D. Ling, H. Xu, T. He, and Z. Yin, J.
Phys.: Condens. Matter 15, L77 (2003).
[9] J. Kuwata, K. Uchino, and S. Nomura, Ferroelectrics
37, 579 (1981).
8[10] J. Kuwata, K. Uchino, and S. Nomura, Jpn. J. Appl.
Phys. 21, 1298 (1982).
[11] G. Xu, J. Phys.: Conf. Ser. 320, 012081 (2011).
[12] H. Hiraka, S.-H. Lee, P. M. Gehring, G. Xu, and G. Shi-
rane, Phys. Rev. B 70, 184105 (2004).
[13] H. You and Q. M. Zhang, Phys. Rev. Lett. 79, 3950
(1997).
[14] N. Takesue, Y. Fujii, and H. You, Phys. Rev. B 64,
184112 (2001).
[15] G. Xu, Z. Zhong, H. Hiraka, and G. Shirane, Phys. Rev.
B 70, 174109 (2004).
[16] D. La-Orauttapong, J. Toulouse, J. L. Robertson, and
Z.-G. Ye, Phys. Rev. B 64, 212101 (2001).
[17] D. La-Orauttapong, J. Toulouse, Z.-G. Ye, W. Chen,
R. Erwin, and J. L. Robertson, Phys. Rev. B 67, 134110
(2003).
[18] K. Hirota, Z.-G. Ye, S. Wakimoto, P. Gehring, and
G. Shirane, Phys. Rev. B 65, 104105 (2002).
[19] B. Dkhil, J. M. Kiat, G. Calvarin, G. Baldinozzi, S. B.
Vakhrushev, and E. Suard, Phys. Rev. B 65, 024104
(2001).
[20] S. B. Vakhrushev, A. A. Naberezhnov, N. M. Okuneva,
and B. N. Savenko, Phys. Solid State 37, 1993 (1995).
[21] J. Hlinka, S. Kamba, J. Petzelt, J. Kulda, C. A. Randall,
and S. J. Zhang, J. Phys.: Condens. Matter 15, 4249
(2003).
[22] S. Vakhrushev, A. Ivanov, and J. Kulda, Phys. Chem.
Chem. Phys. 7, 2340 (2005).
[23] G. Xu, G. Shirane, J. R. D. Copley, and P. M. Gehring,
Phys. Rev. B 69, 064112 (2004).
[24] Z. Xu, J. Wen, G. Xu, C. Stock, J. S. Gardner, and
P. M. Gehring, Phys. Rev. B 82, 134124 (2010).
[25] G. Xu, P. M. Gehring, and G. Shirane, Phys. Rev. B 72,
214106 (2005).
[26] G. Xu, P. M. Gehring, and G. Shirane, Phys. Rev. B 74,
104110 (2006).
[27] G. Xu, Z. Zhong, Y. Bing, Z.-G. Ye, and G. Shirane,
Nat. Mater. 5, 134 (2006).
[28] C. Stock, G. Xu, P. M. Gehring, H. Luo, X. Zhao, H. Cao,
J. F. Li, D. Viehland, and G. Shirane, Phys. Rev. B 76,
064122 (2007).
[29] J. Wen, G. Xu, C. Stock, and P. M. Gehring, Appl. Phys.
Lett. 93, 082901 (2008).
[30] C. Stock, H. Luo, D. Viehland, J. F. Li, I. P. Swainson,
R. J. Birgeneau, and G. Shirane, J. Phys. Soc. Jpn. 74,
3002 (2005).
[31] G. Xu, J. Wen, C. Stock, and P. M. Gehring, Nat. Mater.
7, 562 (2008).
[32] P. M. Gehring, K. Ohwada, and G. Shirane, Phys. Rev.
B 70, 014110 (2004).
[33] M. B. Stone, J. L. Niedziela, D. L. Abernathy, L. DeBeer-
Schmitt, G. Ehlers, O. Garlea, G. E. Granroth,
M. Graves-Brook, A. I. Kolesnikov, A. Podlesnyak, and
B. Winn, Rev. Sci. Instrum. 85, 045113 (2014).
[34] O. Arnold, J. C. Bilheux, J. M. Borreguero, A. Buts, S. I.
Campbell, L. Chapon, M. Doucet, N. Draper, R. Fer-
raz Leal, M. A. Gigg, V. E. Lynch, A. Markvardsen,
D. J. Mikkelson, R. L. Mikkelson, R. Miller, K. Pal-
men, P. Parker, G. Passos, T. G. Perring, P. F. Peterson,
S. Ren, M. A. Reuter, A. T. Savici, J. W. Taylor, R. J.
Taylor, R. Tolchenov, W. Zhou, and J. Zikovsky, Nucl.
Instr. Meth. Phys. Res. Sect. A 764, 156 (2014).
[35] P. M. Gehring, S.-E. Park, and G. Shirane, Phys. Rev.
Lett. 84, 5216 (2000).
[36] P. M. Gehring, S. B. Vakhrushev, and G. Shirane, in
AIP Conference Proceedings, Vol. 535 (AIP Publishing,
2000) pp. 314–322.
[37] P. M. Gehring, S.-E. Park, and G. Shirane, Phys. Rev.
B 63, 224109 (2001).
[38] P. M. Gehring, S. Wakimoto, Z.-G. Ye, and G. Shirane,
Phys. Rev. Lett. 87, 277601 (2001).
[39] D. La-Orauttapong, B. Noheda, Z.-G. Ye, P. M. Gehring,
J. Toulouse, D. E. Cox, and G. Shirane, Phys. Rev. B
65, 144101 (2002).
[40] T. Y. Koo, P. M. Gehring, G. Shirane, V. Kiryukhin,
S.-G. Lee, and S.-W. Cheong, Phys. Rev. B 65, 144113
(2002).
[41] J. Hlinka, S. Kamba, J. Petzelt, J. Kulda, C. A. Randall,
and S. J. Zhang, Phys. Rev. Lett. 91, 107602 (2003).
[42] C. Stock, D. Ellis, I. P. Swainson, G. Xu, H. Hiraka,
Z. Zhong, H. Luo, X. Zhao, D. Viehland, R. J. Birgeneau,
and G. Shirane, Phys. Rev. B 73, 064107 (2006).
[43] J. M. Worlock and P. A. Fleury, Phys. Rev. Lett. 19,
1176 (1967).
[44] M. Watanabe, Y. Toshirou, and Y. Masashi, J. Korean
Phys. Soc. 32, S556 (1998).
[45] N. Boccara, Solid State Commun. 6, 211 (1968).
[46] C. Stock, P. M. Gehring, H. Hiraka, I. Swainson, G. Xu,
Z.-G. Ye, H. Luo, J.-F. Li, and D. Viehland, Phys. Rev.
B 86, 104108 (2012).
[47] B. E. Vugmeister and M. D. Glinchuk, Rev. Mod. Phys.
62, 993 (1990).
[48] V. Westphal, W. Kleemann, and M. D. Glinchuk, Phys.
Rev. Lett. 68, 847 (1992).
[49] C. Stock, R. J. Birgeneau, S. Wakimoto, J. S. Gardner,
W. Chen, Z.-G. Ye, and G. Shirane, Phys. Rev. B 69,
094104 (2004).
[50] S. Tinte, B. P. Burton, E. Cockayne, and U. V. Wagh-
mare, Phys. Rev. Lett. 97, 137601 (2006).
[51] R. A. Cowley, S. N. Gvasaliya, S. G. Lushnikov,
B. Roessli, and G. M. Rotaru, Adv. Phys. 60, 229 (2011).
[52] R. Pirc and R. Blinc, Phys. Rev. B 60, 13470 (1999).
[53] D. Phelan, C. Stock, J. A. Rodriguez-Rivera, S. Chi,
J. Lea˜o, X. Long, Y. Xie, A. A. Bokov, Z.-G. Ye,
P. Ganesh, and P. M. Gehring, PNAS 111, 1754 (2014).
[54] Z. Xu, J. Wen, E. Mamontov, C. Stock, P. M. Gehring,
and G. Xu, Phys. Rev. B 86, 144106 (2012).
[55] C. Stock, L. Van Eijck, P. Fouquet, M. Maccarini,
P. M. Gehring, G. Xu, H. Luo, X. Zhao, J.-F. Li, and
D. Viehland, Phys. Rev. B 81, 144127 (2010).
[56] B. E. Vugmeister, Phys. Rev. B 73, 174117 (2006).
[57] R. Pirc, R. Blinc, and V. Bobnar, Phys. Rev. B 63,
054203 (2001).
[58] J.-i. Okamoto, C. J. Arguello, E. P. Rosenthal, A. N. Pa-
supathy, and A. J. Millis, Phys. Rev. Lett. 114, 026802
(2015).
[59] T. C. Proctor and E. M. Chudnovsky, Phys. Rev. B 91,
140201 (2015).
[60] T. R. Welberry, M. J. Gutmann, H. Woo, D. J. Goossens,
G. Xu, C. Stock, W. Chen, and Z.-G. Ye, J. Appl. Crys-
tallogr. 38, 639 (2005).
[61] T. R. Welberry, D. J. Goossens, and M. J. Gutmann,
Phys. Rev. B 74, 224108 (2006).
[62] M. Pas´ciak, M. Wo lcyrz, and A. Pietraszko, Phys. Rev.
B 76, 014117 (2007).
[63] P. Ganesh, E. Cockayne, M. Ahart, R. E. Cohen, B. Bur-
ton, R. J. Hemley, Y. Ren, W. Yang, and Z.-G. Ye, Phys.
Rev. B 81, 144102 (2010).
9[64] R. Burkovsky, S. B. Vakhrushev, S. M. Shapiro,
A. Ivanov, K. Hirota, and M. Matsuura, Ferroelectrics
400, 372 (2010).
[65] A. Bosak, D. Chernyshov, S. Vakhrushev, and M. Krisch,
Acta Crystallogr. Sect. A 68, 117 (2012).
[66] A. Cervellino, S. N. Gvasaliya, O. Zaharko, B. Roessli,
G. M. Rotaru, R. A. Cowley, S. G. Lushnikov, T. A.
Shaplygina, and M. T. Fernandez-Diaz, J. Appl. Crys-
tallogr. 44, 603 (2011).
[67] I. Tomeno, Y. Ishii, Y. Tsunoda, and K. Oka, Phys. Rev.
B 73, 064116 (2006).
[68] J. D. Axe, J. Harada, and G. Shirane, Phys. Rev. B 1,
1227 (1970).
